In order to effectively improve the BER (Bit Error Rate) performance of noncoherent IR-UWB (Impulse Radio Ultra Wide Band) systems utilizing 2PPM (Binary Pulse Position Modulation), we propose a selective signal combining scheme which performs selective combination of received signals by estimating the SNR (Signal-to-Noise Ratio) of the energies during the pulse width interval.
Introduction
Recently, IR-UWB (Impulse Radio Ultra Wide Band) [1] , [2] has drawn explosive attention as a new type of short range, low power, low data rate transmission scheme with precise position location capability in wireless personal area networks. Despite their several merits, IR-UWB systems are very sensitive to channel environments, since it is difficult to recombine impulse signals distorted by a large number of multipath components and AWGN (Additive White Gaussian Noise) at UWB receivers. For this reason, most UWB receivers employ coherent Rake-type demodulators which can offer high sensitivity to effectively recombine distorted impulse signals. Coherent UWB receivers inevitably require precise timing recovery and complex Rake structures [3] . However, for UWB transceiver technology to be realized, several issues must be addressed, including the need for easy implementation, low power consumption, small chip size, and high robustness against fading at the system level [4] . To meet these requirements, noncoherent IR-UWB systems based on energy window banks are drawing new attention in recent UWB system design [5] . Conventional noncoherent UWB receivers simply perform signal detection after sequentially squaring and integrating received signals without considering the state of those received UWB signals [5] . It is therefore difficult to effectively combine multipath components, unlike coherent UWB receivers [6] , [7] .
In this letter, we propose a selective signal combining scheme to effectively improve the BER (Bit Error Rate) per- formance of noncoherent IR-UWB systems utilizing 2PPM (Binary Pulse Position Modulation) [5] .
Noncoherent IR-UWB Systems
We consider noncoherent IR-UWB systems utilizing Gaussian monocycle pulses p(t) of the following form [2] 
where A denotes the amplitude and τ p is a parameter related to the width (or duration) T p of the pulse. By the differentiation property of the antennas, the received pulse w(t) at the receiver may be expressed as [2] 
where A denotes an appropriate amplitude constant. The modulation scheme employed by the transmitter must generate signals that can be easily detected by the noncoherent UWB receiver. In this letter, we utilize a pulse position modulation with two positions called a 2PPM scheme [5] . We use binary symbols b j ∈ {0, 1}, where each symbol directly determines the position of one UWB pulse. The transmitted signal s(t) modulated by the 2PPM is modeled by using the received pulses w(t) at the energy window bank in the noncoherent UWB receiver as [5] 
where T f is the pulse repetition interval (or frame time) for individual data symbols. The offset Δ T , which determines pulse position according to binary symbols, is set to be T f /2. To prevent inter-symbol interference and to maintain orthogonality among the received symbols, the offset Δ T is set to be larger than the maximum delay spread of the given channel [5] . For a general UWB multipath channel model, we consider a typical tap-delay-line as described in [8] and represent the channel impulse response h(t) as follows.
Here, L represents the number of resolvable paths and α denotes the attenuation of the -th path. Also in (4), τ
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The Institute of Electronics, Information and Communication Engineers τ 0 + T m represents the time delay of the -th path where T m is the minimum multipath resolvable time and τ 0 is assumed to be uniform over frame time T f . In order to avoid partial correlation between the received signals, the pulse width T p is assumed to be equal to the minimum resolvable time T m [8] .
Using (3) and (4), the received signal in the UWB multipath channel is expressed as
with n(t) denoting the AWGN. A noncoherent IR-UWB receiver for demodulation of the signal modulated by the 2PPM transmitter is depicted in Fig. 1 [5] . The noncoherent 2PPM receiver is composed of an energy window bank based on an integrate-and-dump unit. The CU (Control Unit) manages control signals C 1 and C 2 , which define the integration starting time and duration. Hence, outputs q j,1 and q j,2 of the energy window bank (according to C 1 and C 2 controlled by the CU in the j-th frame) are calculated as
where integration duration T I is T p × N s , and N s denotes a value to define the integration duration of the energy window bank. In this letter, we consider a ML (Maximum Likelihood) detector which bases its decision for the data symbolsb j on the q j,1 and q j,2 values. The decision rule of this detector is given by [5] 
Proposed Signal Combining Scheme
The conventional signal combining scheme for the noncoherent IR-UWB systems based on an energy window bank is equal to the 2PPM demodulation [5] presented in the previous section. That is, the conventional signal combining scheme simply demodulates data symbols using the ML detector of (8) after sequentially squaring and integrating the received signal during T I as in (6) and (7). However, the energy of the received UWB signals under a multipath channel environment is randomly fluctuated, since the transmitted UWB pulses are randomly distorted by a large number of multipath components and the AWGN. For this reason, noncoherent UWB receivers utilizing the conventional signal combining scheme have difficulty in effectively combining multipath components, unlike the coherent S (Selective)-Rake UWB receivers [6] , [7] . We propose a selective signal combining scheme to effectively improve the BER performance of noncoherent IR-UWB systems. The proposed scheme selectively combines the received UWB signals in consideration of the signal demodulation and detection rules, and is composed of three steps whose details are as follows.
A. Step 1: Calculation of energies during pulse-width interval
In order to calculate the signal energies during pulse-width interval T p , (6) and (7) are represented as
where j indicates the frame order and i denotes a variable to define the integration duration of the received signal; i is an integer between 0 and Δ T /T p − 1. The first step of the proposed scheme calculates the signal energies during pulse duration within a frame using (9) and (10).
B. Step 2: Comparison of energies during pulse-width interval
The second step of the proposed scheme calculates the estimated quality values R j,i for the signal energies q j,1i and q j,2i during each pulse-width interval preserved in the first step as
The comparator unit then sorts i in a descending order of calculated R j,i . The sorted i is then sequentially stored in a vector (s 0 , · · · , s Δ T /T p −1 ). The conventional noncoherent UWB receivers based on energy window banks do not consider the energy quality of multipath components. However, noncoherent UWB receivers employing the proposed scheme may approximately estimate the SNR (Signal-toNoise Ratio) of the multipath components through (11), similar to the coherent S-Rake type UWB receivers.
C. Step 3: Selective signal combining and detection
The third step of the proposed scheme combines the signal energies for the ML detection of 2PPM as
where SEL denotes the number of integration durations equivalent to the pulse width. Hence, the proposed scheme selects a total of SEL − q j,1s k and q j,2s k with large SNRs from the second step, and then combines them. With the combined q j,1 and q j,2 , the proposed scheme performs signal detection depending on the ML decision rule of (8) . In short, the proposed scheme performs signal detection by combining selected SEL signal energies having the largest average SNR of any calculated signal energies at the pulse-width interval T p (= T m ). Figure 2 depicts the structure of the proposed noncoherent 2PPM UWB receiver composed of these three steps.
Assuming that an ideal bandpass filter is employed at the front-end of the noncoherent UWB receivers, the BER P e,conv of the conventional signal combining is given by [5] P e,conv = 1 2 erfc
where erfc(z)
2 dx, B is system bandwidth, and η conv (T I ) denotes the fraction of the captured pulse energy within the integration duration T I . Also, SNR conv denotes the average SNR of the received UWB signals within the integration duration T I . In a similar manner, the BER P e,prop of the proposed scheme is calculated as
where η prop (T S ) denotes the fraction of the captured pulse energy within the selected SEL integration durations T S (= T p ×SEL) of a given pulse-width unit. Also, SNR prop denotes the average SNR within T S . In noncoherent 2PPM UWB receivers, the instantaneous SNR of the received UWB signals fluctuates significantly due to the AWGN and the large number of multipath components, so that SNR conv < SNR prop and η conv (T I ) < η prop (T S ) when T I = T s (N s = SEL). Hence, we expect from (14) and (15) that the BER performance will be improved, Fig. 2 The structure of the noncoherent 2PPM UWB receiver based on the proposed selective signal combining scheme.
since the SNR of the combined signals is significantly increased by the proposed scheme.
Simulation Results
The performance of the proposed selective signal combining Fig. 3 Comparison of BER performance in the IEEE 802.15.4a channel models.
scheme was evaluated through simulations. We considered the IEEE 802.15.4a CM1, CM5 and CM8 channel models [9] , and utilized the 2PPM based on impulse radio for signal modulation and demodulation. For signal combining, the number of selected signal energies SEL (in the case of the proposed scheme) and N s (in the case of the conventional signal combining scheme) were equally set to 10, 20, 30 in CM1 and CM5 and 10, 30, 50 in CM8, in order to fairly compare both schemes. Figure 3 shows BER performance of the noncoherent IR-UWB systems in the IEEE 802.15.4a CM1, CM5 and CM8 channel models when the proposed scheme ("Proposed") and the conventional signal combining scheme ("Conventional") were utilized. In these figures, it is revealed that the proposed scheme achieves a significant BER performance improvement over the conventional scheme when the noncoherent UWB receivers combine an equal number of signal energies. In particular, the higher the maximum delay spread (CM8, CM5, CM1 in order) is, the greater the improvement in BER performance is possible using the proposed scheme. Moreover, the proposed scheme produces excellent BER performance even when detecting data symbols with a small number of signal energies. Consequently, the proposed scheme can effectively combine multipath components independent of the multipath channel environment for the noncoherent 2PPM UWB systems, so that it significantly improves BER performance as compared to the conventional signal combining scheme.
Conclusion
We have proposed a selective signal combining scheme to effectively improve BER performance of noncoherent IR-UWB systems utilizing the 2PPM. Unlike the conventional signal combining methods, the proposed scheme demodulates and detects the data symbols through the following three steps: i) calculation of energies during the pulse-width interval, ii) comparison of those energies, and iii) selective signal combining and detection. Simulation results in the IEEE 802.15.4a UWB channel models showed that the proposed scheme significantly improves BER performance as compared to the conventional signal combining scheme. Moreover, the proposed scheme achieves superior BER performance even when small numbers of signal energies are combined.
